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Material C
Projected chromaticity values

Material B

log(B)

Figure 5: Log Color Space Chromaticity Plane

log(G)
Log Space Chromaticity Plane Normal
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AUTOMATIC PROCESSING SCALE
ESTIMATION FOR USE IN AN IMAGE
PROCESS

BACKGROUND OF THE INVENTION

Many significant and commercially important uses of
modern computer technology relate to images. These include
image processing, image analysis and computer vision appli-
cations. In computer vision applications, such as, for
example, object recognition and optical character recogni-
tion, 1t has been found that a separation of 1llumination and
material aspects of an 1image can significantly improve the
accuracy of computer performance. Sigmificant pioneer
inventions related to the 1llumination and material aspects of
an 1mage are disclosed in U.S. Pat. No. 7,873,219 to Richard
Mark Friedhotf, entitled Differentiation Of Illumination And
Reflection Boundaries and U.S. Pat. No. 7,672,530 to Rich-
ard Mark Friedhott et al., entitled Method And System For
Identifying Illumination Flux In An Image (hereinafter the
Friedhoil Patents).

SUMMARY OF THE INVENTION

The present mnvention provides an improvement and
enhancement to the fundamental teachings of the Friedhoif
Patents, and includes a method and system comprising image
techniques that accurately and correctly generate intrinsic
images, including an automatic estimation of a processing
scale for use 1n 1mage processing techniques.

In a first exemplary embodiment of the present invention,
an automated, computerized method 1s provided for process-
ing an 1mage. According to a feature of the present invention,
the method comprises the steps of providing an 1mage file
depicting an 1mage, 1n a computer memory, calculating pro-
cessing scale parameter information as a function of width
dimension information for penumbrae depicted 1n the 1mage;
and generating intrinsic 1llumination and material reflectance
images corresponding to the image using the processing scale
parameter information.

In a second exemplary embodiment of the present inven-
tion, a computer program product, disposed on a computer
readable media 1s provided. The computer program product
includes computer executable process steps operable to con-

trol a computer to: provide an 1mage file depicting an 1mage,
in a computer memory, calculate processing scale parameter
information as a function of width dimension information for
penumbrae depicted 1n the 1mage, and generate intrinsic illu-
mination and maternal reflectance 1mages corresponding to
the 1mage using the processing scale parameter information.

In accordance with yet further embodiments of the present
invention, computer systems are provided, which include one
or more computers configured (e.g., programmed) to perform
the methods described above. In accordance with other
embodiments of the present invention, non-transitory coms-
puter readable media are provided which have stored thereon
computer executable process steps operable to control a com-
puter(s) to implement the embodiments described above. The
present invention contemplates a computer readable media as
any product that embodies information usable in a computer
to execute the methods of the present mvention, including
instructions implemented as a hardware circuit, for example,
as 1n an integrated circuit chip. The automated, computerized
methods can be performed by a digital computer, analog
computer, optical sensor, state machine, sequencer, inte-
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2

grated chip or any device or apparatus that can be designed or
programmed to carry out the steps of the methods of the
present 1nvention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a block diagram of a computer system arranged
and configured to perform operations related to 1mages.

FIG. 2 shows an nxm pixel array image file for an 1mage
stored 1n the computer system of FIG. 1.

FIG. 3a 1s a flow chart for identitying Type C token regions
in the image file of FI1G. 2, according to a feature of the present
ivention.

FIG. 3b 1s an original image used as an example in the
identification of Type C tokens.

FIG. 3¢ shows Type C token regions 1n the image of FIG.
3b.

FIG. 3d shows Type B tokens, generated from the Type C
tokens of FIG. 3¢, according to a feature of the present inven-
tion.

FIG. 4 15 a flow chart for a routine to test Type C tokens
identified by the routine of the tlow chart of FIG. 34a, accord-
ing to a feature of the present mnvention.

FIG. 5 1s a graphic representation of a log color space
chromaticity plane according to a feature of the present inven-
tion.

FIG. 6 1s a flow chart for determiming a list of colors
depicted 1n an 1nput 1image.

FIG. 7 1s a flow chart for determining an orientation for a
log chromaticity space.

FIG. 8 1s a flow chart for determining log chromaticity
coordinates for the colors of an 1nput 1image, as determined
through execution of the routine of FIG. 6.

FIG. 9 15 a flow chart for augmenting the log chromaticity
coordinates, as determined through execution of the routine
of FIG. 8.

FIG. 10 1s a flow chart for clustering the log chromaticity
coordinates, according to a feature of the present invention.

FIG. 10q 1s an 1illustration of a grid for a spatial hash,
according to a feature of the present invention.

FIG. 11 1s a flow chart for assigning the log chromaticity
coordinates to clusters determined through execution of the
routine of FIG. 10.

FIG. 12 1s a flow chart for detecting regions of uniform
reflectance based on the log chromaticity clustering.

FIG. 13 1s a representation of an [A][x]=[b] matrix rela-
tionship used to 1dentily and separate i1llumination and mate-
rial aspects of an 1mage, according to a same-material con-
straint, for generation of intrinsic 1mages.

FIG. 14 illustrates intrinsic images including an 1llumina-
tion image and a material image corresponding to the original
image of FIG. 3b.

FIG. 15 1s a flow chart for an edge preserving blur post
processing technique applied to the intrinsic 1images 1llus-
trated 1n FI1G. 14, according to a feature of the present inven-
tion.

FIG. 16 1s a flow chart for an artifact reduction post pro-
cessing technique applied to the intrinsic images 1llustrated 1n
FIG. 14, according to a feature of the present invention.

FIG. 17 1s a flow chart for a BIDR model enforcement post
processing technique applied to the intrinsic 1mages illus-
trated 1n FIG. 14, according to a feature of the present inven-
tion.

FIG. 18 1s a graph 1n RGB color space showing colors for
a material, from a fully shaded color value to a fully lit color
value, as predicted by a bi-1lluminant dichromatic reflection
model.
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FIG. 19 15 a flow chart for an automatic processing scale
estimation, according to a feature of the present invention.
FIG. 20 shows a graph for a sigmoid model used to calcu-

late a penumbra width, for use in the automatic processing
scale estimation illustrated in the flow chart of FI1G. 19.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, and initially to FIG. 1, there
1s shown a block diagram of a computer system 10 arranged
and configured to perform operations related to 1mages. A
CPU 12 1s coupled to a device such as, for example, a digital
camera 14 via, for example, a USB port. The digital camera
14 operates to download 1images stored locally on the camera
14, to the CPU 12. The CPU 12 stores the downloaded images
in a memory 16 as image files 18. The image files 18 can be
accessed by the CPU 12 for display on a monitor 20, or for
print out on a printer 22.

Alternatively, the CPU 12 can be implemented as a micro-
processor embedded 1n a device such as, for example, the
digital camera 14 or arobot. The CPU 12 can also be equipped
with a real time operating system for real time operations
related to 1mages, 1n connection with, for example, a robotic
operation or an interactive operation with a user.

As shown 1n FIG. 2, each image file 18 comprises an nxm
pixel array. Each pixel, p, 1s a picture element corresponding,
to a discrete portion of the overall image. All of the pixels
together define the 1image represented by the image file 18.
Each pixel comprises a digital value corresponding to a set of
color bands, for example, red, green and blue color compo-
nents (RGB) of the picture element. The present invention 1s
applicable to any multi-band 1image, where each band corre-
sponds to a piece of the electro-magnetic spectrum. The pixel
array includes n rows of m columns each, starting with the
pixel p(1,1) and ending with the pixel p(n, m). When display-
ing or printing an image, the CPU 12 retrieves the correspond-
ing image file 18 from the memory 16, and operates the
monitor 20 or printer 22, as the case may be, as a function of
the digital values of the pixels in the image file 18, as 1s
generally known.

In an 1mage operation, the CPU 12 operates to analyze the
RGB values of the pixels of a stored 1image file 18 to achieve
various objectives, such as, for example, to identity regions of
an 1mage that correspond to a single material depicted 1n a
scene recorded 1n the image file 18. A fundamental observa-
tion underlying a basic discovery of the present invention, 1s
that an 1image comprises two components, material and illu-
mination. All changes in an 1image are caused by one or the
other of these components. A method for detecting of one of
these components, for example, material, provides a mecha-
nism for distinguishing material or object geometry, such as
object edges, from 1llumination and shadow boundaries.

Such a mechanism enables techniques that can be used to
generate intrinsic 1images. The intrinsic images correspond to
an original 1mage, for example, an image depicted 1n an input
image file 18. The 1ntrinsic images include, for example, an
illumination 1mage, to capture the intensity and color of light
incident upon each point on the surfaces depicted in the
image, and a material reflectance 1mage, to capture retlec-
tance properties ol surfaces depicted 1n the 1mage (the per-
centage of each wavelength of light a surface reflects). The
separation of i1llumination from material 1n the intrinsic
images provides the CPU 12 with images optimized for more
elfective and accurate further processing.

Pursuant to a feature of the present invention, processing 1s
performed at a token level. A token 1s a connected region of an
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image wherein the pixels of the region are related to one
another 1n a manner relevant to identification of 1mage fea-
tures and characteristics such as an 1dentification of materials
and 1llumination. The pixels of a token can be related 1n terms
of either homogeneous factors, such as, for example, close
correlation of color among the pixels, or inhomogeneous
factors, such as, for example, differing color values related
geometrically in a color space such as RGB space, commonly
referred to as a texture. The present invention utilizes spatio-
spectral information relevant to contiguous pixels of an 1mage
depicted 1n an 1mage file 18 to 1dentity token regions. The
spatio-spectral information includes spectral relationships
among contiguous pixels, in terms of color bands, for
example the RGB values of the pixels, and the spatial extent
ol the pixel spectral characteristics relevant to a single mate-
rial.

According to one exemplary embodiment of the present
invention, tokens are each classified as either a Type A token,
a Type B token or a Type C token. A Type A token 1s a
connected 1mage region comprising contiguous pixels that
represent the largest possible region of the image encompass-
ing a single material 1 the scene (uniform reflectance). A
Type B token 1s a connected image region comprising con-
tiguous pixels that represent a region of the 1mage encom-
passing a single material 1n the scene, though not necessarily
the maximal region of uniform reflectance corresponding to
that material. A Type B token can also be defined as a collec-
tion of one or more 1mage regions or pixels, all of which have
the same reflectance (material color) though not necessarily
all pixels which correspond to that material color. A Type C
token comprises a connected 1image region of similar image
properties among the contiguous pixels of the token, where
similarity 1s defined with respect to a noise model for the
imaging system used to record the image.

Referring now to FIG. 3a, there 1s shown a flow chart for
identifying Type C token regions 1n the scene depicted 1n the
image file 18 of FIG. 2, according to a feature of the present
invention. Type C tokens can be readily identified 1n an 1image,
utilizing the steps of FIG. 3q, and then analyzed and pro-
cessed to construct Type B tokens, according to a feature of
the present invention.

A 1" order uniform, homogeneous Type C token comprises

a single robust color measurement among contiguous pixels
of the image. At the start of the identification routine, the CPU
12 sets up a region map in memory. In step 100, the CPU 12
clears the region map and assigns a region ID, which 1s
initially set at 1. An iteration for the routine, corresponding to
a pixel number, 1s set at 1=0, and a number for an NxN pixel
array, for use as a seed to determine the token, 1s set an 1nitial
value, N=N__ . N___ can be any integer >0, for example 1t
can be set at set at 11 or 15 pixels.

At step 102, a seed test 1s begun. The CPU 12 selects a first
pixel, 1=1, pixel (1, 1) for example (see F1G. 2), the pixel at the
upper left corner of a first NxN sample of the image file 18.
The pixel 1s then tested in decision block 104 to determine 1f
the selected pixel 1s part of a good seed. The test can comprise
a comparison of the color value of the selected pixel to the
color values of a preselected number of 1ts neighboring pixels
as the seed, for example, the NxN array. The color values
comparison can be with respect to multiple color band values
(RGB 1n our example) of the pixel. If the comparison does not
result 1n approximately equal values (within the noise levels
ol the recording device) for the pixels 1n the seed, the CPU 12
increments the value of'1 (step 106), for example, 1=2, pixel (1,

2), for a next NxN seed sample, and then tests to determine 1f
1=1___(decision block 108).
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If the pixel value 1s at 1, __, a value selected as a threshold
tor deciding to reduce the seed size for improved results, the
seed s1ze, N, 1s reduced (step 110), for example, from N=15 to
N=12. In an exemplary embodiment of the present invention,
1___can be set at a number of pixels 1n an 1mage ending at

FrECEX

pixel (n, m), as shown 1n FIG. 2. In this manner, the routine of
FIG. 3a parses the entire image at a first value of N before
repeating the routine for a reduced value of N.

After reduction of the seed size, the routine returns to step

102, and continues to test for token seeds. An N, , value (for

example, N=2) 1s also checked 1n step 110 to determine 11 the
analysis 1s complete. If the value of N1satN_,_ . the CPU 12

Stop?
has completed a survey of the image pixel arrays and exits the

routine.
I1 the value of'11s less than 1 and N 1s greater than N, .,

the routine returns to step 102, and continues to test for token

seeds.

When a good seed (an NxN array with approximately equal
pixel values) 1s found (block 104), the token 1s grown from the
seed. In step 112, the CPU 12 pushes the pixels from the seed
onto a queue. All of the pixels 1n the queue are marked with
the current region ID 1n the region map. The CPU 12 then
inquires as to whether the queue 1s empty (decision block
114). If the queue 1s not empty, the routine proceeds to step
116.

In step 116, the CPU 12 pops the front pixel off the queue
and proceeds to step 118. In step 118, the CPU 12 marks
“000d’ neighbors around the subject pixel, that 1s neighbors
approximately equal 1n color value to the subject pixel, with
the current region ID. All of the marked good neighbors are
placed 1n the region map and also pushed onto the queue. The
CPU 12 then returns to the decision block 114. The routine of
steps 114, 116, 118 1s repeated until the queue 1s empty. At
that time, all of the pixels forming a token 1n the current region
will have been 1dentified and marked in the region map as a
Type C token.

When the queue 1s empty, the CPU 12 proceeds to step 120.
At step 120, the CPU 12 increments the region ID for use with
identification of a next token. The CPU 12 then returns to step
106 to repeat the routine 1n respect of the new current token
region.

Upon arrival at N=N_, . step 110 of the tlow chart of FIG.
3a, or completion of a region map that coincides with the
image, the routine will have completed the token building
task. F1G. 36 1s an original image used as an example 1n the
identification of tokens. The image shows areas of the color
blue and the blue 1n shadow, and of the color teal and the teal
in shadow. FIG. 3¢ shows token regions corresponding to the
region map, for example, as 1dentified through execution of
the routine of FI1G. 3a (Type C tokens), in respect to the image
of FIG. 35. The token regions are color coded to illustrate the
token makeup of the image of FIG. 35, including penumbra
regions between the full color blue and teal areas of the image
and the shadow of the colored areas.

While each Type C token comprises a region of the image
having a single robust color measurement among contiguous
pixels of the image, the token may grow across material
boundaries. Typically, different materials connect together in
one Type C token via a neck region often located on shadow
boundaries or in areas with varying illumination crossing
different materials with similar hue but different intensities. A
neck pixel can be identified by examining characteristics of
adjacent pixels. When a pixel has two contiguous pixels on
opposite sides that are not within the corresponding token,
and two contiguous pixels on opposite sides that are within
the corresponding token, the pixel 1s defined as a neck pixel.
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FIG. 4 shows a flow chart for a neck test for Type C tokens.
In step 122, the CPU 12 examines each pixel of an identified
token to determine whether any of the pixels under examina-
tion forms a neck. The routine of FIG. 4 can be executed as a
subroutine directly after a particular token 1s identified during
execution of the routine of FIG. 3a. All pixels 1dentified as a
neck are marked as “ungrowable.” In decision block 124, the
CPU 12 determines 11 any of the pixels were marked.

If no, the CPU 12 exits the routine of FIG. 4 and returns to
the routine of FIG. 3a (step 126).

If yes, the CPU 12 proceeds to step 128 and operates to
regrow the token from a seed location selected from among
the unmarked pixels of the current token, as per the routine of
FIG. 3a, without changing the counts for seed size and region
ID. During the regrowth process, the CPU 12 does notinclude
any pixel previously marked as ungrowable. After the token 1s
regrown, the previously marked pixels are unmarked so that
other tokens may grow into them.

Subsequent to the regrowth of the token without the previ-
ously marked pixels, the CPU 12 returns to step 122 to test the
newly regrown token. Neck testing 1dentifies Type C tokens
that cross material boundaries, and regrows the i1dentified
tokens to provide single material Type C tokens suitable for
use 1n creating Type B tokens.

FIG. 3d shows Type B tokens generated from the Type C
tokens of FIG. 3¢, according to a feature of the present inven-
tion. The present invention provides a novel exemplary tech-
nique using log chromaticity clustering, for constructing
Type B tokens for an 1mage file 18. Log chromaticity 1s a
technique for developing an i1llumination mvariant chroma-
ticity space.

A method and system for separating illumination and
reflectance using a log chromaticity representation 1s dis-
closed 1n U.S. Pat. No. 7,596,266, which 1s hereby expressly
incorporated by reference. The techniques taught 1n U.S. Pat.
No. 7,596,266 can be used to provide 1llumination imnvariant
log chromaticity representation values for each color of an
image, for example, as represented by Type C tokens. Loga-
rithmic values of the color band values of the image pixels are
plotted on alog-color space graph. The logarithmic values are
then projected to a log-chromaticity projection plane oriented
as a function of a bi-1lluminant dichromatic reflection model
(BIDR model), to provide a log chromaticity value for each
pixel, as taught in U.S. Pat. No. 7,596,266. The BIDR Model
predicts that differing color measurement values fall within a
cylinder in RGB space, from a dark end (1in shadow) to a
bright end (lit end), along a positive slope, when the color
change 1s due to an illumination change forming a shadow
over a single material of a scene depicted 1n the image.

FIG. 5 1s a graphic representation of a log color space,
bi-1lluminant chromaticity plane according to a feature of the
invention disclosed in U.S. Pat. No. 7,596,266. The alignment
of the chromaticity plane 1s determined by a vector N, normal
to the chromaticity plane, and defined as N=
log(Bright, ., )-log(Dark,,,,)=log(1+1/5, .,,). lhe
co-ordinates of the plane, u, v can be defined by a projection
of the green axis onto the chromaticity plane as the u axis, and
the cross product of u and N being defined as the v axis. In our
example, each log value for the matenals A, B, C 1s projected
onto the chromaticity plane, and will therefore have a corre-
sponding u, v co-ordinate value 1n the plane that 1s a chroma-

ticity value, as shown in FIG. 5.

Thus, according to the technique disclosed in U.S. Pat. No.
7,596,266, the RGB values of each pixel in an image file 18
can be mapped by the CPU 12 from the image file value p(n,
m, R, G, B) to a log value, then, through a projection to the
chromaticity plane, to the corresponding u, v value, as shown
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in FIG. 5. Each pixel p(n, m, R, G, B) in the image file 18 1s
then replaced by the CPU 12 by a two dimensional chroma-
ticity value: p(n, m, u, v), to provide a chromaticity represen-
tation of the original RGB 1mage. In general, for an N band
image, the N color values are replaced by N-1 chromaticity
values. The chromaticity representation 1s a truly accurate
illumination invariant representation because the BIDR
model upon which the representation is based, accurately and
correctly represents the illumination flux that caused the
original image.

According to the invention disclosed and claimed 1n related
application Ser. No. 12/927,244, filed Nov. 10, 2010, entitled
System and Method for Identifying Complex Tokens in an
Image (expressly incorporated by reference herein and here-
iafter referred to as “related invention”), log chromaticity
values are calculated for each color depicted 1n an 1mage file
18 1nput to the CPU 12 for i1dentification of regions of the
uniform reflectance (Type B tokens). For example, each pixel
of a Type C token will be of approximately the same color
value, for example, 1n terms of RGB values, as all the other
constituent pixels of the same Type C token, within the noise
level of the equipment used to record the image. Thus, an
average of the color values for the constituent pixels of each
particular Type C token can be used to represent the color
value for the respective Type C token 1n the log chromaticity
analysis.

FIG. 6 1s a flow chart for determining a list of colors
depicted 1n an mput image, for example, an 1mage file 18. In
step 200, an 1nput 1mage file 18 1s mput to the CPU 12 for
processing. In steps 202 and 204, the CPU 12 determines the
colors depicted 1n the mput 1image file 18. In step 202, the
CPU 12 calculates an average color for each Type C token
determined by the CPU 12 through execution of the routine of
FIG. 3a, as described above, for a list of colors. The CPU 12
can be operated to optionally require a minimum token size,
in terms of the number of constituent pixels of the token, or a
mimmum seed size (the NxN array) used to determine Type C
tokens according to the routine of FIG. 3a, for the analysis.
The minimum size requirements are implemented to assure
that color measurements in the list of colors for the 1image are
an accurate depiction of color 1n a scene depicted 1n the input
image, and not an artifact of blend pixels.

Blend pixels are pixels between two differently colored
regions of an1mage. If the colors between the two regions are
plotted 1n RGB space, there 1s a linear transition between the
colors, with each blend pixel, moving from one region to the
next, being a weighted average of the colors of the two
regions. Thus, each blend pixel does not represent a true color
of the image. If blend pixels are present, relatively small Type
C tokens, consisting of blend pixels, can be identified for
areas of an1mage between two differently colored regions. By
requiring a size minimum, the CPU 12 can eliminate tokens
consisting of blend pixel {from the analysis.

In step 204, the CPU 12 can alternatively collect colors at
the pixel level, that 1s, the RGB values of the pixels of the
input image file 18, as shown 1n FIG. 2. The CPU 12 can be
operated to optionally require each pixel of the image file 18
used in the analysis to have a minimum stability or local
standard deviation via a filter output, for a more accurate list
of colors. For example, second derivative energy can be used
to indicate the stability of pixels of an 1mage.

In this approach, the CPU 12 calculates a second derivative
at each pixel, or a subset of pixels disbursed across the image
to cover all 1llumination conditions of the image depicted in
an input 1mage file 18, using a Difference of Gaussians,
Laplacian of Gaussian, or similar filter. The second derivative
energy for each pixel examined can then be calculated by the
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CPU 12 as the average of the absolute value of the second
derivative 1n each color band (or the absolute value of the
single value 1n a grayscale image), the sum of squares of the
values of the second derivatives 1n each color band (or the
square of the single value 1n a grayscale image), the maximum
squared second dertvative value across the color bands (or the
square of the single value 1n a grayscale image), or any similar
method. Upon the calculation of the second derivative energy
for each of the pixels, the CPU 12 analyzes the energy values
of the pixels. There 1s an 1nverse relationship between second
derivative energy and pixel stability, the higher the energy, the
less stable the corresponding pixel.

In step 206, the CPU 12 outputs a list or lists of color (after
executing one or both of steps 202 and/or 204). According to
a feature of the related invention, all of the further processing
can be executed using the list from either step 202 or 204, or
vary the list used (one or the other of the lists from steps 202
or 204) at each subsequent step.

FIG. 7 1s a flow chart for determining an orientation for a
log chromaticity representation, according to a feature of the
related mvention. For example, the CPU 12 determines an
orientation for the normal N, for a log chromaticity plane, as
shown 1n FIG. 5. In step 210, the CPU 12 receives a list of
colors for an 1nput file 18, such as a list output 1n step 206 of
the routine of FIG. 6. In step 212, the CPU 12 determines an
orientation for a log chromaticity space.

As taught in U.S. Pat. No. 7,596,266, and as noted above,
orientation of the chromaticity plane 1s represented by N, N
being a vector normal to the chromaticity representation, for
example, the chromaticity plane of FIG. 5. The ornientation 1s
estimated by the CPU 12 thorough execution of any one of
several techmques. For example, the CPU 12 can determine
estimates based upon entropy minimization, manual selec-
tion of lit/'shadowed regions of a same material by a user or the
use of a characteristic spectral ratio (which corresponds to the
orientation N) for an image of an input image file 18, as fully
disclosed 1in U.S. Pat. No. 7,596,266.

For a higher dimensional set of colors, for example, an
RYGB space (red, yellow, green, blue), the log chromaticity
normal, N, defines a sub-space with one less dimension than
the input space. Thus, 1n the four dimensional RYGB space,
the normal N defines a three dimensional log chromaticity
space. When the four dimensional RYGB values are projected
into the three dimensional log chromaticity space, the pro-
jected values within the log chromaticity space are unatiected
by 1llumination variation.

In step 214, the CPU 12 outputs an orientation for the
normal N. As 1llustrated in the example of FIG. 5, the normal
N defines an orientation for a u, v plane 1n a three dimensional
RGB space.

FIG. 8 1s a flow chart for determining log chromaticity
coordinates for the colors of an mnput 1mage, as 1dentified 1n
steps 202 or 204 of the routine of FIG. 6. In step 220, a list of
colors 1s input to the CPU 12. The list of colors can comprise
either the list generated through execution of step 202 of the
routine of FIG. 6, or the list generated through execution of
step 204. In step 222, the log chromaticity orientation for the
normal, N, determined through execution of the routine of
FIG. 7, 1s also input to the CPU 12.

In step 224, the CPU 12 operates to calculate alog value for
cach color 1n the list of colors and plots the log values 1n a
three dimensional log space at respective (log R, log G, log B)
coordinates, as illustrated in FIG. 5. Matenials A, B and C
denote log values for specific colors from the list of colors
input to the CPU 12 in step 220. A log chromaticity plane 1s
also calculated by the CPU 12, 1n the three dimensional log
space, with u, v coordinates and an orientation set by N, input
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to the CPU 12 1n step 222. Fach u, v coordinate 1n the log
chromaticity plane can also be designated by a corresponding
(log R, log G, log B) coordinate 1n the three dimensional log
space.

According to a feature of the related invention, the CPU 12
then projects the log values for the colors A, B and C onto the
log chromaticity plane to determine a u, v log chromaticity
coordinate for each color. Each u, v log chromaticity coordi-
nate can be expressed by the corresponding (log R, log G, log,
B) coordinate 1n the three dimensional log space. The CPU 12
outputs a list of the log chromaticity coordinates 1n step 226.
The list cross-references each color to a u, v log chromaticity
coordinate and to the pixels (or a Type C tokens) having the
respective color (depending upon the list of colors used in the
analysis (either step 202(tokens) or 204 (pixels))).

FIG. 9 1s a flow chart for optionally augmenting the log
chromaticity coordinates for pixels or Type C tokens with
extra dimensions, according to a feature of the related mnven-
tion. In step 230, the list of log chromaticity coordinates,
determined for the colors of the mnput 1mage through execu-
tion of the routine of FIG. 8, 1s mnput to the CPU 12. In step
232, the CPU 12 accesses the input image file 18, foruse inthe
augmentation.

In step 234, the CPU 12 optionally operates to augment
cach log chromaticity coordinate with a tone mapping inten-
sity for each corresponding pixel (or Type C token). The tone
mapping intensity 1s determined using any known tone map-
ping technique. An augmentation with tone mapping inten-
sity information provides a basis for clustering pixels or
tokens that are grouped according to both similar log chro-
maticity coordinates and similar tone mapping intensities.
This improves the accuracy of a clustering step.

In step 236, the CPU 12 optionally operates to augment
cach log chromaticity coordinate with X, y coordinates for the
corresponding pixel (or an average of the x, y coordinates for
the constituent pixels of a Type C token) (see FIG. 2 showing,
aP (1,1) to P (N, M) pixel arrangement). Thus, a clustering
step with X, y coordinate information will provide groups in a
spatially limited arrangement, when that characteristic 1s
desired.

In each of steps 234 and 236, the augmented information
can, 1n each case, be weighted by a factor w, and w,, w,

respectively, to specily the relative importance and scale of

the different dimensions 1n the augmented coordinates. The
weight factors w, and w,, w, are user-specified. Accordingly,
the (log R, log G, log B) coordinates for a pixel or Type C
token 1s augmented to (log R, log G, log B, T*w,, x*w,,
yv*w,) where T, x and y are the tone mapped intensity, the x
coordinate and the y coordinate, respectively.

In step 238, the CPU 12 outputs a list of the augmented
coordinates. The augmented log chromaticity coordinates
provide accurate 1llumination invariant representations of the
pixels, or for a specified regional arrangement of an input
image, such as, for example, Type C tokens. According to a
teature of the related invention and the present invention, the
illumination invariant characteristic of the log chromaticity
coordinates 1s relied upon as a basis to 1dentily regions of an
image of a single maternal or retlectance, such as, for example,
Type B tokens.

FIG. 10 1s a flow chart for clustering the log chromaticity
coordinates, according to a feature of the present invention. In
step 240, the list of augmented log chromaticity coordinates 1s
input the CPU 12. In step 242, the CPU 12 operates to cluster
the log chromaticity coordinates. According to the teachings
of the related mvention, the clustering step can be i1mple-
mented via, for example, a known k-means clustering. Any
known clustering technique can be used to cluster the log
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chromaticity coordinates to determine groups of similar log
chromaticity coordinate values, according to the related
invention. According to the teachings of each of the related
invention and the present invention, the CPU 12 correlates
cach log chromaticity coordinate to the group to which the
respective coordinate belongs.

According to a feature of the present invention, the clus-
tering step 242 1s implemented as a function of an index of the
type used 1n database management, for example, a hash
index, a spatial hash index, b-trees or any other known index
commonly used 1n a database management system. By imple-
menting the clustering step 242 as a function of an index, the
number of comparisons required to identity a cluster group
for each pixel or token of an 1mage 1s minimized. Accord-
ingly, the clustering step can be executed by the CPU 121 a
minimum amount of time, to expedite the entire 1mage pro-
CEesS.

FIG. 10q 1s an 1illustration of a grid for a spatial hash,
according to a feature of an exemplary embodiment of the
present mvention. As shown i FIG. 10a, a spatial hash
divides an 1mage being processed into a grid of buckets, each
bucket being dimensioned to be spatialThreshxspatialTh
resh. The grid represents a histogram of the u,v log chroma-
ticity values for the cluster groups. As each cluster 1s created,
a reference to the cluster 1s placed in the appropriate bucket of
the grid.

Each new pixel or token of the image being processed 1s
placed in the grid, 1n the bucket 1t would occupy, as if the 1item
(pixel or token) was a new group 1n the clustering process.
The pixel or token 1s then examined relative to the clusters 1n,
for example, a 3x3 grid of buckets surrounding the bucket
occupied by the 1tem being examined. The 1tem 1s added to the
cluster group within the 3x3 gird, for example, 1f the 1tem 1s
within a threshold for a clusterMean.

The CPU 12 also operates to calculate a center for each
group 1dentified 1n the clustering step. For example, the CPU
12 can determine a center for each group relative to a (log R,
log G, log B, log T) space.

In step 244, the CPU 12 outputs a list of the cluster group
memberships for the log chromaticity coordinates (cross ret-
erenced to erther the corresponding pixels or Type C tokens)
and/or a list of cluster group centers.

Pursuant to a further feature of the present invention, the
list of cluster group memberships can be augmented with a
user mput of 1mage characteristics. For example, a user can
specily pixels or regions of the image that are of the same
material retlectance. The CPU 12 operates to overlay the user
specified pixels or regions of same reflectance onto the clus-
tering group membership information.

As noted above, 1n the execution of the clustering method,
the CPU 12 can use the list of colors from either the list
generated through execution of step 202 of the routine of FIG.
6, or the list generated through execution of step 204. In
applying the identified cluster groups to an input image, the
CPU 12 can be operated to use the same set of colors as used
in the clustering method (one of the list of colors correspond-
ing to step 202 or to the list of colors corresponding to step
204), or apply a different set of colors (the other of the list of
colors corresponding to step 202 or the list of colors corre-
sponding to step 204). If a different set of colors 1s used, the
CPU 12 proceeds to execute the routine of FIG. 11.

FIG. 11 1s a flow chart for assigning the log chromaticity
coordinates to clusters determined through execution of the
routine of FIG. 10, when a different list of colors 1s used after
the 1dentification of the cluster groups, according to a feature
of the present invention. In step 250, the CPU 12 once again
executes the routine of FIG. 8, this time in respect to the new
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list of colors. For example, 11 the list of colors generated 1n
step 202 (colors based upon Type C tokens) was used to
identify the cluster groups, and the CPU 12 then operates to
classity log chromaticity coordinates relative to cluster
groups based upon the list of colors generated in step 204
(colors based upon pixels), step 250 of the routine of FI1G. 11
1s executed to determine the log chromaticity coordinates for
the colors of the pixels in the input image file 18.

In step 252, the list of cluster centers 1s input to the CPU 12.
In step 254, the CPU 12 operates to classily each of the log
chromaticity coordinates 1dentified 1n step 250, according to
the nearest cluster group center. In step 256, the CPU 12
outputs a list of the cluster group memberships for the log
chromaticity coordinates based upon the new list of colors,
with a cross reference to either corresponding pixels or Type
C tokens, depending upon the list of colors used in step 250
(the list of colors generated 1n step 202 or the list of colors
generated 1n step 204).

FIG. 12 1s a flow chart for detecting regions of uniform
reflectance based on the log chromaticity clustering accord-
ing to a feature of the present invention. In step 260, the input
image lile 18 1s once again provided to the CPU 12. In step
262, one of the pixels or Type C tokens, depending upon the
list of colors used 1n step 250, 1s input to the CPU 12. In step
264, the cluster membership information, form either steps
244 or 256, 1s input to the CPU 12.

In step 266, the CPU 12 operates to merge each of the
pixels, or specified regions of an input 1image, such as, for
example, Type C tokens, having a same cluster group mem-
bership 1nto a single region of the 1mage to represent a region
of uniform retlectance (Type B token). The CPU 12 performs
such a merge operation for all of the pixels or tokens, as the
case may be, for the input image file 18. In step 268, the CPU
12 outputs a list of all regions of umiform retlectance (and also
of similar tone mapping intensities and X, y coordinates, 11 the
log chromaticity coordinates were augmented 1n steps 234
and/or 236). It should be noted that each region of uniform
reflectance (Type B token) determined according to the fea-
tures of the present invention, potentially has significant illu-
mination variation across the region.

U.S. Pat. No. 8,139,867 teaches a constraint/solver model
for segregating 1llumination and material 1n an 1mage, 1nclud-
ing an optimized solution based upon a same material con-
straint. A same material constraint, as taught in U.S. Pat. No.
8,139,867/, utilizes Type C tokens and Type B tokens, as can
be determined according to the teachings of the present inven-
tion. The constraining relationship 1s that all Type C tokens
that are part of the same Type B token are constrained to be of
the same material. This constraint enforces the definition of a
Type B token, that 1s, a connected 1mage region comprising
contiguous pixels that represent a region of the image encom-
passing a single material 1n the scene, though not necessarily
the maximal region corresponding to that material. Thus, all
Type C tokens that lie within the same Type B token are by the
definition imposed upon Type B tokens, of the same material,
though not necessarily of the same 1llumination. The Type C
tokens are therefore constrained to correspond to observed
differences 1n appearance that are caused by varying 1llumi-
nation.

FIG. 13 1s a representation of an [A][x]=[b] matrix rela-
tionship used to 1dentily and separate i1llumination and mate-
rial aspects of an 1mage, according to a same-material con-
straint, as taught 1n U.S. Pat. No. 8,139,867. Based upon the
basic equation I=ML (I=the recorded image value, as stored
in an 1mage {ile 18, M=material reflectance, and
L=1llumination), log(I)=log(ML)=log(M)+log(L). This can
be restated as 1=m+1, wherein 1 represents log(1), m represents
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log(M) and 1 represents log(L). In the constraining relation-
ship of a same matenial, 1n an example where three Type C
tokens, a, b and ¢, (as shown 1n FIG. 13) are within a region of
single reflectance, as defined by a corresponding Type B
token defined by a, b and ¢, then m_=m,=m_. For the purpose
of this example, the I value for each Type C token is the
average color value for the recorded color values of the con-
stituent pixels of the token. The a, b and ¢, Type C tokens of
the example can correspond to the blue Type B token 1illus-
trated 1n FI1G. 3d.

Smce:m =1 -1 ,m,=1,-1,, andm_=1_-1_, these mathemati-
cal relationships can be expressed, 1n a same material con-
straint, as (1)I_+(-1)1,+(0)1 =(1_-1,), (1)]_+(0)], +(-1)1 =(1_—
i) and (0)1,+(1)l,+(= )], =(i,-i,).

Thus, 1n the matrix equation of FIG. 13, the various values
for the log(I) (1_, 1,, 1_), 1n the [b] matrix, are known from the
average recorded pixel color values for the constituent pixels
of the adjacent Type Ctokens a, band ¢. The [A] matrix o 0’s,
1’s and —1’s, 1s defined by the set of equations expressing the
same material constraint, as described above. The number of
rows in the [ A] matrix, from top to bottom, corresponds to the
number of actual constraints imposed on the tokens, 1n this
case three, the same material constraint between the three
adjacent Type C tokens a, b and ¢. The number of columns 1n
the [A] matrix, from left to right, corresponds to the number
of unknowns to be solved for, again, in this case, the three
illumination values for the three tokens. Therefore, the values
for the 1llumination components of each Type C token a, b and
¢, 1n the [x] matrix, can be solved for in the matrix equation,
by the CPU 12. It should be noted that each value 1s either a
vector of three values corresponding to the color bands (such
as red, green, and blue) of our example or can be a single
value, such as 1n a grayscale image.

Once the i1llumination values are known, the material color
can be calculated by the CPU 12 using the I=ML equation.
Intrinsic i1llumination and material 1mages can be now be
generated for the region defined by tokens a, b and ¢, by
replacing each pixel in the original image by the calculated
illumination values and material values, respectively. An
example of an 1llumination image and material image, corre-
sponding to the original image shown 1n FIG. 35, 1s 1llustrated
in FIG. 14.

Implementation of the constraint/solver model according
to the techniques and teachings of U.S. Pat. No. 8,139,867,
utilizing the Type C tokens and Type B tokens obtained via a
log chromaticity clustering technique according to the
present invention, provides a highly effective and elficient
method for generating intrinsic 1mages corresponding to an
original mput image. The intrinsic 1mages can be used to
enhance the accuracy and efficiency of 1mage processing,
image analysis and computer vision applications.

However, the mtrinsic images generated from the perfor-
mance of the exemplary embodiments of the present inven-
tion can include artifacts that distort the appearance of a scene
depicted 1n the 1mage being processed. The artifacts can be
introduced through execution of the ntrinsic 1mage genera-
tions methods of the present invention, or through user modi-
fications such as the user input of 1image characteristics dis-
cussed above. Accordingly, according to a feature of the
present mnvention, various post processing techniques can be
implemented to reduce the artifacts.

FIG. 15 1s a flow chart for an edge preserving blur post
processing technique applied to the intrinsic images illus-
trated 1n FIG. 14, according to a feature of the present inven-
tion, to improve the quality of the illumination and material
reflectance aspects depicted 1n the intrinsic 1mages. In step
300, the CPU 12 recerves as an input an original image (an
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image file 18), and the corresponding intrinsic material
reflectance and 1llumination 1images determined by the CPU
12 through solution of the matrix equation shown in FI1G. 13,
as described above.

In step 302, the CPU 12 operates to perform an edge-
preserving blur of the 1llumination 1n the 1llumination 1image
by applying an edge preserving smoothing filter. The edge
preserving smoothing filter can be any one of the known
filters such as, for example, a bilateral filter, a guided filter, a
mean-shiit filter, a median filter, anisotropic diffusion and so
on. The filter can be applied one or more times to the 1llumi-
nation image. In an exemplary embodiment, a bilateral filter
1s applied to the 1llumination 1image twice. In addition, several
different types of filters can be applied in succession, for
example, a median filter followed by a bilateral filter.

In step 304, the CPU 12 recalculates the intrinsic material
reflectance 1mage based upon the =ML equation, and using
the original 1mage of the image file 18 and the 1llumination
image, as modified 1n step 302. In step 306, the CPU 12
outputs 1ntrinsic material reflectance and 1llumination
images, as modified by the CPU 12 through execution of the
routine of FIG. 15.

A smoothing filter applied to the illumination image results
in several improvements to the appearance of the intrinsic
images when used 1n, for example, such applications as com-
puter graphics. For example, in computer graphics, texture
mapping 1s used to achieve certain special effects. Artists
consider 1t desirable 1n the performance of texture mapping to
have some fine scale texture form the i1llumination in the
material reflectance 1image. By smoothing the 1llumination
image, 1n step 302, the fine scale texture 1s moved to the
material reflectance 1mage upon a recalculation of the mate-
rial image 1n step 304, as will be described below.

In addition, smoothing the illumination in step 302 places
some of the shading illumination (i1llumination intensity
variation due to curvature of a surface) back into the material
reflectance image, giving the material image some expression
of curvature. That results 1n an 1improved material depiction
more suitable for artistic rendering 1n a computer graphics
application.

Moreover, small reflectance variation sometimes errone-
ously ends up 1n the illumination 1image. The smoothing 1n
step 302 forces the reflectance vanation back into the material
1mage.

FIG. 16 1s a flow chart for an artifact reduction post pro-
cessing technique applied to the imntrinsic images 1llustrated 1in
FIG. 14, according to a feature of the present invention, to
improve the quality of the illumination and material retlec-
tance aspects depicted in the intrinsic images. In step 400, the
CPU 12 recerves as an input an original image (an image file
18), and the corresponding intrinsic material reflectance and
1llumination images determined by the CPU 12 through solu-
tion of the matrix equation shown in FIG. 13, as described
above. Optionally, the intrinsic 1mages can be previously
modified by the CPU 12 through execution of the routine of
FIG. 185.

In step 402, the CPU 12 operates to calculate derivatives
(the differences between adjacent pixels) for the pixels of
cach of the original image and the material retlectance image.
Variations between adjacent pixels, 1in the horizontal and ver-
tical directions, are caused by varying 1llumination and dif-
ferent materials in the scene depicted in the original image.
When the CPU 12 operates to factor the original image into
intrinsic 1llumination and material reflectance 1images, some
of the vanation ends up in the 1llumination image and some
ends up 1n the material reflectance image. Ideally, all of the
variation 1n the i1llumination 1image 1s attributable to varying

10

15

20

25

30

35

40

45

50

55

60

65

14

illumination, and all of the variation 1n the material reflec-
tance 1mage 1s attributable to different materials.

Thus, by removing the illumination variation, variations in
the matenal reflectance 1mage should be strictly less than
variations 1n the original image. However, inaccuracies in the
process for generating the intrinsic 1mages can result 1n new
edges appearing 1n the material reflectance image.

In step 404, the CPU 12 operates to 1dentily the artifacts
caused by the newly appearing edges by comparing the
derivatives for the matenal retlectance image with the deriva-
tives for the original image. The CPU 12 modifies the deriva-
tives 1n the material reflectance image such that, for each
derivative of the material retlectance 1mage, the sign 1s pre-
served, but the magnitude 1s set at the minimum of the mag-
nitude of the denvative 1n the original image and the material
reflectance 1mage. The modification can be expressed by the
following equation:

derivativeReflectanceNew=min(abs(derivativeReflec-
tanceOld),abs(derivativeOriginalimage))*sign
(derivativeReflectanceOld)

In step 406, the CPU integrates the modified derivatives to
calculate a new material reflectance 1mage. The new 1image 1s
a material retlectance 1mage without the newly appearing,
artifact-causing edges. Any known technique can be imple-
mented to perform the integration. For example, the CPU 12
can operate to perform numerical 2D integration by solving
the 2D Poisson equation using discrete cosine transforms.

In step 408, the CPU 12 recalculates the intrinsic 1llumi-
nation 1image based upon the I=ML equation, and using the
original 1mage of the image file 18 and the material retflec-
tance 1mage, as modified in steps 404 and 406. In step 408, the
CPU 12 outputs intrinsic maternal reflectance and 1llumina-
tion 1mages, as modified by the CPU 12 through execution of
the routine of FIG. 16.

FIG. 17 1s a tlow chart for a BIDR model enforcement post
processing technique applied to the intrinsic images illus-
trated 1n FIG. 14, according to a feature of the present inven-
tion, to improve the quality of the i1llumination and material
reflectance aspects depicted in the intrinsic 1images.

As described above, the BIDR model predicts the correct
color for a matenal, in a shadow penumbra, from full shadow
to fully 1it. As shown 1n FIG. 18, according to the prediction
of the BIDR model, colors for a material, for example, 1n an
RGB color space, from a fully shaded color value to a tully lat
color value, generally form a line in the color space. In full
shadow, the material 1s 1lluminated by an ambient 1lluminant,
while when fully lit, the material 1s 1lluminated by the ambi-
ent 1lluminant and the direct or incident illuminant present 1in
the scene at the time the digital image of an 1image file 18 was
recorded.

According to the BIDR model, the illumination values 1n
an 1mage also define a line extending from the color of the
ambient 1lluminant to the color of the combined ambient and
direct i1lluminants. In log color space, the 1llumination line
predicted by the BIDR model corresponds to the normal, N of
the log color space chromaticity plane illustrated 1n FIG. 5.

Various 1naccuracies 1n the generation of the i1llumination
and material intrinsic 1mages, as described above, can also
result, for example, 1n i1llumination values 1n the generated
intrinsic 1llumination image that diverge from the line for the
1llumination values predicted by the BIDR model. According
to the present invention, the illumination line prediction of the
BIDR model 1s used to correct such inaccuracies by modity-
ing the 1llumination to be linear 1n log(RGB) space.

Referring once again to FIG. 17, in step 500, the CPU 12

receives as input a BIDR illumination orientation, corre-
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sponding to the normal N 1illustrated 1n FIG. S. In the exem-
plary embodiment of the present invention, N 1s determined
by the CPU 12 through execution of the routine of FIG. 7, as
described above. In that case, the N determined through
execution of the routine of FIG. 7 1s used 1n both the clustering
process described above, and 1n the BIDR model enforcement
post processing techmque illustrated 1n FIG. 17.

In the event the illumination and material reflectance
images are generated via a method different from the log
chromaticity clustering technique of the exemplary embodi-
ment, the orientation N 1s determined by the CPU 12 in a
separate step before the execution of the routine of FIG. 17,
through execution of the routine of FIG. 7. When N 1s deter-
mined 1n a separate step, the CPU 12 can operate relative to
either the original 1image or the 1llumination 1mage. In addi-
tion, when the processing 1s based upon a user input, as
described above, the user can make a selection from either the
original image or the 1llumination 1mage.

Moreover, 1n step 500, the CPU 12 also receives as mput an
original 1mage (an 1mage file 18), and the corresponding
intrinsic material retlectance and 1llumination images deter-
mined by the CPU 12 through solution of the matrix equation
shown 1n FIG. 13, also as described above. Optionally, the
intrinsic 1mages can be previously modified by the CPU 12
through execution of the routine(s) of either one, or both
FIGS. 15 and 16.

In step 502, the CPU 12 determines the full 1llumination
color 1n the 1llumination 1mage. The tull 1llumination color
(ambient+direct) can be the brightest color value depicted 1n
the i1llumination 1image. However, the brightest value can be
inaccurate due to noise in the image or other outliers. In a
preferred exemplary embodiment of the present invention, a
more accurate determination 1s made by finding all illumina-
tion color values 1n a preselected range of percentiles of the
intensities, for example, the 87% through 92”? percentiles, and
calculating an average of those values. The average 1s used as
the full illumination color value. Such an approach provides a
robust estimate of the bright end of the 1llumination variation
in the mtrinsic illumination 1image.

In step 504, the CPU 12 operates to modity all of the pixels
ol the 1llumination image by projecting all of the illumination
colors depicted by the pixels in the 1llumination 1mage to the
nearest point on a line having the orientation N (input to the
CPU 12 1n step 500) and passing through the full illumination
color determined in step 302. Thus, the color of each pixel of
the 1llumination 1image 1s modified to conform to the closest
value required by the BIDR model prediction.

A special case exists for the pixels of the illumination
image having an intensity that 1s greater than the tull 1llumi-
nation color value, as calculated 1n step 302. The special case
can be handled by the CPU 12 according to a number of
different methods. In a first method, the modification 1s com-
pleted as with all the other pixels, by projecting each high
intensity pixel to the nearest value on the 1llumination line. In
a second method, each high intensity pixel i1s replaced by a
pixel set at the tull 1llumination color value. According to a
third method, each high intensity pixel 1s kept at the color
value as 1n the original 1mage.

An additional method 1s implemented by using a weighted
average for each high itensity pixel, of values determined
according to the first and third methods, or of values deter-
mined according to the second and third methods. The
weilghts would favor values calculated according to either the
first or second methods when the values are similar to high
intensity pixels that are not significantly brighter than the full
illumination color value calculated 1n step 302. Values calcu-
lated via the third method are favored when values for high
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intensity pixels that are significantly brighter than the tull
1llumination color value. Such a weighting scheme 1s useful
when the =ML equation for image characteristics 1s 1naccu-
rate, for example, 1n the presence of specular reflections.

Any known technique can be implemented to determine
the relative weights for 1llumination values. In an exemplary
embodiment of the present invention, a sigmoid function 1s
constructed such that all the weight 1s on the value determined
either according to the first or second methods, when the
intensity ol the high intensity pixel 1s at or near the full
illumination color value, with a smooth transition to an
equally weighted value, between a value determined either
according to the first or second methods and a value deter-
mined according to the third method, as the intensity
increases. That 1s followed by a further smooth transition to
full weight on a value determined according to the third
method, as the intensity increase significantly beyond the full
illumination color value.

In step 506, the CPU 12 recalculates the intrinsic material
reflectance 1image based upon the =ML equation, and using
the original 1mage of the image file 18 and the 1llumination
image, as modified 1 step 304. In step 508, the CPU 12
outputs intrinsic material retlectance and illumination images
modified to strictly adhere to the predictions of the BIDR
model.

For best results, the above-described post processing tech-
niques can be executed 1n a log(RGB) space. Also, the various
techniques can be executed in the order described above.
Once one or more of the post processing techniques have been
executed, the final modified intrinsic 1mages can be white
balanced and/or scaled, as desired, and output by the CPU 12.

A processing scale 1s a parameter relevant to each of the
tokenization method, to 1dentify Type C tokens, the log chro-
maticity clustering, and the post-processing techniques, as
described above. The processing scale parameter 1s related to
the width of shadow penumbrae appearing 1n an image being
processed for generation of corresponding intrinsic illumina-
tion and materal retlectance images. The shadow penumbrae
cach span an area of the image, each penumbra area depicting
a transition from a fully 1lluminated region of the image, to an
adjacent region 1n full shadow. An accurate estimation of the
spatial distances spanned by the pixels of the penumbrae
present 1n a scene depicted 1n the image, as represented by
processing scale parameter information, facilitates a more
accurate segregation or factorization of an image 1nto the
corresponding 1ntrinsic images.

FIG. 19 1s a flow chart for an automatic processing scale
estimation technique, according to a feature of the present
invention. The flow chart 1llustrates the automatic processing
scale selection process of the exemplary embodiment of the
present invention, i a flow chart section on the left side of the
overall flow chart, and further illustrates a right side, high
level tlow chart section showing the image process to identily
intrinsic images corresponding to an original image (1ntrinsic
image factorization), as described in detail above. Flow chart
lines between the left side and right side sections of the overall
flow chart indicate the applications of the estimated process-
ing scale(s), as determined 1n the automatic processing scale
selection process, to the various steps of the intrinsic 1mage
factorization process. As shown 1n FIG. 19, image data, for
example, an 1mage {ile 18, 1s mput to each of the automatic
processing scale selection process and the intrinsic 1mage
factorization process.

As shown 1n the right side of FIG. 19, the intrinsic image
factorization of the present invention can include a pre-pro-
cess step (step 600), for example, a selective, imitial blurring
of the 1image to reduce the number of tokens to be processed
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in the factorization, for a faster execution time. Steps 602 to
610 of the rnight side section of FIG. 19 correspond to the
above-described method for generating intrinsic 1llumination
and material reflectance images.

For example, 1in step 602, the CPU 12 executes the routine
of F1G. 34, to identify the Type C tokens used in the genera-
tion of the intrinsic 1mages. In step 604, the CPU 12 executes
the log-chromaticity clustering of the routines of FIGS. 6-12,
to 1dentily regions of uniform retlectance. In step 606, the

CPU uses the regions of uniform reflectance to buld the
matrix equation illustrated in FIG. 13. Instep 608, the CPU 12

solves the matrix equation to generate the inftrinsic 1images
shown 1n FIG. 14. Finally, in step 610, the CPU 12 executes
the post-processing routines of FIGS. 15-17.

According to a feature of the exemplary embodiment of the
present ivention, the CPU 12 operates to execute the auto-
matic processing scale selection, shown 1n the left side sec-
tion of FIG. 19, prior to execution of the intrinsic image
factorization, to calculate processing scale information. The
processing scale information 1s then used for a more accurate
execution of steps 600, 602, 604 and 610 of the image factor-
1zation.

In step 700 of the automatic processing scale selection, the
CPU 12 operates to identily prospective 1llumination profiles
through penumbrae, at multiple resolutions of the image
being processed. Each illumination profile illustrates color
transitions among and the spatial extent of contiguous pixels,
from pixels 1n full shadow, through the pixels 1in the penum-
bra, to pixels at full illumination, for example, as shown 1n the
illustration of FI1G. 18. The illumination profiles provide 1llu-
mination profile information that can be used to determine
width dimension information, for example, an estimate of the
widths of the various penumbrae depicted in the 1image.

Generally, each illumination profile 1s selected so as to

provide 1mage data along lines orthogonal to i1llumination
transitions depicted in the 1mage, image data that adhere to a
set of heuristics for expected 1llumination transitions through
a shadow penumbra. For example, the pixels represented 1n
cach 1llumination profile have physically reasonable spectral
ratios, and suificiently bright and sufliciently dark color
intensities at the ends of the respective profile, consistent with
real world i1llumination transition conditions associated with
a shadow penumbra.
In an exemplary embodiment of the present invention, step
700 1s implemented by 1dentifying linear tokens 1n the image
being processed. A linear token 1s a nonhomogeneous token
comprising a connected region of the image wherein adjacent
pixels of the region have differing color measurement values
that fall within a cylinder 1n RGB space, from a dark end (in
shadow) to a bright end (lit end), along a positive slope. The
cylinder configuration i1s predicted by the bi-1lluminant
dichromatic reflection model (BIDR model). As described
above, the BIDR model predicts the correct color for a mate-
rial, 1n a shadow penumbra, from full shadow to fully lit. Each
linear token, therefore, provides a candidate image region that
likely corresponds to a line passing through a penumbra
depicted 1n the image.

U.S. Pat. No. 7,995,038 discloses atechnique for analyzing
pixels of an 1image to identily contiguous pixels forming
linear tokens throughout the image. In step 700, the CPU 12
1s operated to execute the technique taught in U.S. Pat. No.
7,995,058, to 1dentily a set of linear tokens 1n the image being
processed, executing the technique once at each of several
preselected resolutions of the image, for example, at the origi-
nal resolution of the image, and several down-sampled ver-
s1ons of the image.
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In step 702, the CPU 12 1s operated to fit an 1llumination
model to each of the 1llumination profiles, for example, as
represented by the linear tokens. For example, a 4-parameter
sigmoid model 1s applied to each of the RGB bands of the
pixels of each linear token identified by the CPU 12 1n step
700. The sigmoid can be determined using a known tech-
nique, such as the Levenberg-Marquardt method. FIG. 20
shows a graph illustrating a sigmoid model for one band of the
pixels of an 1dentified linear token, used to calculate a pen-
umbra width.

According to a feature of the exemplary sigmoid embodi-
ment of the present invention, the four parameters of the
sigmoid model include xcen, the center of the sigmoid, rela-
tive to the distance from 1mage edge position, as shown in
FIG. 20, s, slope (the rate of change measured by 111ten51ty VS
dlstance from 1image edge), yscale, the difference, 1n intensity,
between the flat bright and dark portions of the profile, and
yshift, the vertical shift (1in intensity) required to align the
sigmoid model with the dark portion of the underlying pixel
data.

In step 704, the CPU 12 operates to estimate penumbrae
widths, from lit to dark, as a function of the fitted sigmoid
parameters. The length of each particular penumbra can be
expressed relative to X positions, X,,,,, and X;,,.;,, the positions
at which the sigmoid model for the respective penumbra
reaches the minimum and maximum values, respectively (as
shown by the vertical dashed lines 1n the graph of FIG. 20, the
lett vertical dashed line corresponds to the x,_  position and
the right vertical dashed line corresponds to the X, ;, posi-
tion). The calculation of the penumbra width w for a particu-
lar penumbra 1s performed (based upon a determination of the
positions within a fraction, p, of the minimum and maximum
values), as follows:

View=10g((1-p)/p)
Ynignlog(p/(1-p)),
then

X7y == Vi —XCEIVS,
and

Xnigh™Y nigh—¥CCIS,
with

W= |xkigh_xfaw|

wherein p 1s a grven fraction to quantily the proximity ol x;,__,
and x;,;.;, to the sigmo1id model. In the exemplary embodiment
of the present invention, p 1s set at 0.01.

In step 706, the CPU 12 operates to filter out illumination
profiles that are deemed unlikely to correspond to an 1llumi-
nation transition of a shadow penumbra. The goal 1s to elimi-
nate from further processing any of the candidate 1llumina-
tion profiles represented by, for example, the linear tokens,
that do not reflect such an 1llumination transition. Step 706 1s
executed based upon information provided by the fitted sig-
moid parameters. For example, a check of the signs of the
slope parameters, s, of the sigmoid model of each of the RGB
bands of a linear token can be made to verify that all of the
bands 1ndicate either an increase or decrease along the tran-
sition, as occurs 1n an 1llumination transition. If one of the
bands increases while the other bands decrease, the corre-
sponding linear token does not correspond to an 1llumination
transition, and 1s removed from the process.
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Further checks can include, for example, thresholds on the
fit quality (e.g. 1in terms of RMS error) and verification that
penumbra widths among the bands of an 1llumination profile
agree with one another. The result of step 706 1s a reduction of
the number of candidate 1llumination profiles to include pro-
files each representing a high likelihood of corresponding to
an 1llumination transition.

In step 708, the CPU 12 operates to calculate a processing,
scale for each of the remaining candidate 1llumination pro-
files 1, for example, as represented by the linear tokens, as a
function of the penumbra widths w, calculated in step 704. In
an exemplary embodiment of the present invention, each
processing scale 1s calculated as a function that 1s propor-
tional to the calculated width w, to ensure that the processing
scale represents the distance between pixels that are fully it
and pixels 1n full shadow. Accordingly, the processing scale
calculation 1s adjusted by K, a constant of proportionality, to
expand the distance between the x,,,, and x,,;, positions, to
ensure that the analysis 1s relative to fully lit and fully shad-
owed regions of the image when performance depends upon
the processing scale parameter.

Thus, each processing scale, proc_scale, 1s calculated, as
tollows:

proc_scale,=K*w,/max(N, _,,.M_.;.)

wherem N . M __, correspond to the number of rows and
columns of pixels 1n the image being processed, as shown, for
example, in FIG. 2. The N __ ., M __, denominator 1s used to
normalize the parameter quantity so as to be independent of

the specific size of a particular image, and thus be comparable
across 1mages of all sizes.

From the set of processing scales, proc_scale, calculated
by the CPU 12 1n step 708, the CPU 12 1s operated to select
one or more of the processing scales for use 1n the ntrinsic
image factorization shown in the right side section of the flow
chart of FI1G. 19 (step 710). In one exemplary embodiment of
the present invention, execution of step 710 1s implemented
such that a single processing scale 1s calculated from the
average of the distribution of processing scales, as follows:

pmc_s;aleﬂﬂ\quﬁfﬂﬁ (from 1=1 to N, ¢ Jproc_s-
cale,

wherein N, -, . 1s the number of candidate illumination pro-
files 1, from step 708.

In other exemplary embodiments of the present invention,
for implementation of step 710, the CPU 12 specifies a per-
centile of the distribution of processing scales, for example, a
median (507 percentile) or the 907 percentile, for use in the
intrinsic 1mage factorization, or determines a set of spatially-
varying processing scales. For the set of spatially-varying
processing scales, the spatial positions of the i1llumination
profiles are considered to select representative processing,
scales at various locations within the 1mage, according to
local distributions of proposed scales, or by clustering, using,
for example, a mean-shift or K-means clustering technique
based upon spatial position and scale as dimensions for the
clustering.

Upon completion of steps 700-710, the CPU 12 uses the
estimated processing scale(s) 1n the execution of steps 600,
602, 604 and 610 of the image factorization shown 1n the right
side section of the flow chart of FIG. 19, as noted above. Inthe
pre-process of step 600, for a selective, mitial blurring of the
image to reduce the number of tokens to be processed 1n the
factorization, the processing scale 1s used to control the band-
width of the blur filter kernel.

Relative to the tokenization of step 602, the spatial posi-
tions of the tokens 1n the clustering of step 604 can be based
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upon the centroid position of each token. To avoid requiring a
measure of spatial proximity in the clustering of step 604 that
1s more complex than simple Euclidean distance between
centroid positions, the growth process in the tokenization can
be implemented so as to limit maximum token size. The
maximum token size 1s set such that the distance between a
token and the neighboring tokens, based upon centroid dis-
tances, 1s assured to be small enough such that the respective
token can potentially be clustered with the neighboring
tokens based upon the spatial and spectral distances used in
the clustering of step 604. For example, a larger processing
scale permits tokens to be grown to larger sizes, since the
clustering algorithm can consider centroid positions that are
turther apart. Accordingly, maximum token size 1s set as a
function of the processing scale.

As noted, the distance between the centroid positions of
tokens 1s used as a dimension 1n the log chromaticity cluster-
ing of step 604. The clustering 1s also based upon log chro-
maticity values. To make the combined dimensions of the
centroid distance and chromaticity values, which have differ-
ent units, numerically compatible, the spatial dimension 1s
scaled as a function of the processing scale. Thus, the clus-
tering can be implemented relative to a combined space with
dimensions corresponding to chromaticity value and spatial
position, to allow for a single clustering radius. The process-
ing scale 1s used to adjust the requisite relative weight
between the centroid distances and log chromaticity values
such that a larger processing scale makes more spatially-
separated centroid positions appear closer together (relative
to the corresponding log chromaticity distance) for purposes
of clustering.

During the post-processing phase of the intrinsic 1image
factorization, a smoothing operator such as, for example, a
bilateral filter, can optionally be applied to the i1llumination
image (with a corresponding adjustment to the material
reflectance 1mage). This provides an adjustment to the
smoothness of the 1llumination 1image, allowing control over
how much detail appears 1n the final 1llumination vents mate-
rial reflectance result. The spatial bandwidth 1s directly pro-
portional to the processing scale parameter, such that a larger
processing scale results 1n a more spatially smooth 1llumina-
tion field when a smoothing operator 1s used.

In the preceding specification, the invention has been
described with reference to specific exemplary embodiments
and examples thereof. It will, however, be evident that various
modifications and changes may be made thereto without
departing from the broader spirit and scope of the invention as
set forth i the claims that follow. The specification and
drawings are accordingly to be regarded in an illustrative
manner rather than a restrictive sense.

What 1s claimed 1s:
1. An automated, computerized method for processing an
image, comprising the steps of:

providing an image file depicting the image, 1n a computer
memory;

calculating processing scale parameter information as a
function of width dimension information for penumbrae
depicted 1n the 1image; and

generating, from the image, intrinsic i1llumination and
material reflectance images corresponding to the image
using the processing scale parameter information,
wherein the intrinsic illumination 1mage represents
intensity and color of light incident upon each point on
surfaces depicted in the image and the intrinsic material
reflectance 1mage represents reflectance properties of
surfaces depicted 1n the image.
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2. The method of claim 1 wherein the width dimension
information for the penumbrae 1s calculated relative to 1llu-
mination profile information for the image.

3. The method of claim 2 including the further step of
identifying linear tokens in the 1mage, and wherein the 1llu-
mination profile mformation 1s determined from the linear
tokens.

4. The method of claim 2 wherein the illumination profile
information 1s analyzed to verily correspondence to 1llumi-
nation transitions caused by penumbrae.

5. The method of claim 2 including the further step of
fitting the 1llumination profile information to an 1llumination
model.

6. The method of claim 5 wherein the 1llumination model
comprises a sigmoid model.

7. The method of claim 5 including the further step of using,
the illumination model to calculate the width dimension
information for the penumbrae.

8. The method of claim 1 wherein the processing scale
parameter information comprises a processing scale param-
cter determined as a function of a set of processing scale
parameters corresponding to individual penumbra among the
penumbrae depicted 1n the 1image.

9. The method of claim 1 wherein the processing scale
parameter mformation comprises a set of spatially-varying
processing scales.

10. A computer program product, disposed on a non-tran-
sitory computer readable media, the product including com-
puter executable process steps operable to control a computer
to: provide an 1image {ile depicting an 1image, 1n a computer
memory, calculate processing scale parameter information as
a function of width dimension information for penumbrae
depicted 1n the 1image, and generate, from the 1mage, intrinsic
illumination and material reflectance 1images corresponding
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to the 1image using the processing scale parameter informa-
tion, wherein the intrinsic illumination 1mage represents
intensity and color of light incident upon each point on sur-
faces depicted 1n the 1image and the intrinsic material retlec-
tance 1mage represents reflectance properties of surfaces
depicted 1n the 1mage.

11. The computer program product of claim 10 wherein the
width dimension information for the penumbrae 1s calculated
relative to 1llumination profile information for the image.

12. The computer program product of claim 11 including
the further process step to 1dentily linear tokens in the image,
and wherein the i1llumination profile information 1s deter-
mined from the linear tokens.

13. The computer program product of claim 11 wherein the
illumination profile information 1s analyzed to verify corre-
spondence to 1llumination transitions caused by penumbrae.

14. The computer program product of claim 11 including
the further process step to fit the 1llumination profile infor-
mation to an i1llumination model.

15. The computer program product of claim 14 wherein the
illumination model comprises a sigmoid model.

16. The computer program product of claim 14 including
the further step to use the 1llumination model to calculate the
width dimension information for the penumbrae.

17. The computer program product of claim 10 wherein the
processing scale parameter information comprises a process-
ing scale parameter determined as a function of a set of
processing scale parameters corresponding to individual pen-
umbra among the penumbrae depicted in the image.

18. The computer program product of claim 10 wherein the
processing scale parameter mformation comprises a set of
spatially-varying processing scales.
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